Kdp, one of three saturable K ؉ uptake systems in Escherichia coli, is the system with the highest affinity for K ؉ and the only one whose expression is strongly controlled by medium K ؉ concentration. Expression is controlled by a two-component system of KdpD, the sensor kinase, and KdpE, the response regulator. There is general agreement that expression occurs when the growth rate of cells begins to become limited by K ؉ availability. How K ؉ limitation results in expression has been controversial. Studying the roles of the major components of the growth medium shows that KdpD senses at least two distinct signals inside the cell, those of Na ؉ and NH 4 ؉ , and it probably senses other monovalent cations in the cell. KdpD does not sense turgor.
T
he Kdp system of Escherichia coli is a P-type ATPase that mediates uptake for K ϩ , exhibiting high specificity and affinity for this cation (1) . Kdp homologs are found in many other eubacteria and in some archaea (2) . Kdp is encoded by the four genes of the structural kdpFABC operon. The expression of the structural operon is regulated by the two products of the adjacent kdpDE operon, the membrane-bound KdpD sensor kinase and the soluble cytoplasmic KdpE response regulator (3) . The two other K ϩ uptake systems in E. coli, Trk and Kup, are expressed constitutively (4) . Kdp is the system with the highest affinity for K ϩ , with an estimated K m for K ϩ of 2 M. Kdp is expressed at very low basal levels in media with sufficient K ϩ . The first study of regulation of the structural kdpFABC operon, here referred to as the operon, showed that neither internal nor external K ϩ was the signal to turn on expression (5) . Instead, expression seemed to occur when the growth of cells became rate limited due to insufficient uptake of K ϩ . The external K ϩ concentration was not the signal, as has been shown previously in studies with a mutant (5) . Whereas expression of the wild type did not occur at medium K ϩ concentrations of Ͼ10 mM, there was full expression in medium of 30 mM K ϩ in the mutant lacking all saturable K ϩ uptake systems. Internal K ϩ was varied by growing cells at different osmolarities, since cell K ϩ rises with increasing medium osmolarity (6) . In each case, expression could be turned off by high external K ϩ and turned on by sufficiently low external K ϩ , indicating that expression occurred when the growth rate became limited by K ϩ availability, regardless of the internal concentration of K ϩ . K ϩ is a major intracellular cation and makes a significant osmotic contribution to maintain the turgor required for growth. It was suggested that it was turgor itself that was sensed, since it was assumed that a limitation in K ϩ would result in a reduction in turgor. This idea was supported by the finding that a sudden increase in medium osmolarity, a change that must transiently reduce turgor, resulted in transient expression of the operon (5) . As shown below, those data now support a different conclusion.
It soon became clear that expression of the operon could also be turned on by changes in medium pH and osmolarity (7) . The effects of these two agents were dependent on the medium K ϩ concentration; their effects were reduced at higher medium K ϩ concentrations and increased at lower medium K ϩ concentrations. The effects of medium pH and osmolarity can be explained as changing the concentration of K ϩ at which cells became limited in K ϩ availability (8) . However, the turgor model could not explain why the osmotic stimulus produced by NaCl was large, while an equivalent osmotic stimulus produced by a sugar had, at most, a marginal effect (7, 9) . There is general agreement on only one thing, which is that expression increases when the growth of cells begins to become limited in K ϩ availability. The goal of this work was to determine the specific signal(s) that KdpD senses to regulate the operon.
In an attempt to consider all the possible factors that affect the control of the operon, this work examined the role of medium composition on expression of the operon and studied the effects of a number of proteins identified by others as altering the regulation of the operon (10) (11) (12) . Some of these have been shown to bind to the KdpD sensor kinase in vitro, while others are involved in disulfide bond regulation.
Replacing Na ϩ with Tris and/or NH 4 ϩ with glutamine results in a marked reduction in the medium K ϩ concentration at which expression of the operon began to increase, suggesting that KdpD senses Na ϩ and NH 4 ϩ . The sensing of Na ϩ by KdpD readily explains the much greater effect in turning on the expression of the operon by an osmotic stimulus produced by NaCl than by a sugar. When neither NH 4 ϩ nor Na ϩ is present, expression occurs at much lower medium K ϩ concentrations. Expression in the absence of both Na ϩ and NH 4 ϩ is best explained by sensing of Tris inside the cell. The data presented here indicate that turgor, once proposed to be the signal involved in regulation of the operon, is not sensed by KdpD (5) . Two proteins that bind to KdpD appear to alter regulation indirectly when in single-gene dosage and probably not through their binding of KdpD.
Response of cells to limited K ؉ . Bacterial cells respond to limited K ϩ in at least two ways. (i) They attempt to replace lower concentrations of internal K ϩ with other available monovalent cations that are not deleterious to growth (13) . In most media used to study regulation of the operon, the major other cation is Na ϩ . As medium K ϩ concentration is changed, the medium Na ϩ concentration rises to maintain constant medium osmolarity. Thus, an increase in internal Na ϩ is an early response to K ϩ limitation in medium with high concentrations of Na ϩ (14) . NH 4 ϩ is used similarly when it is present at high concentrations in the medium (15) . The ubiquitous H ϩ ion and other monovalent cations are other candidates to replace K ϩ . As external K ϩ is lowered, the export of protons will be reduced, and the cytoplasm will become more acidic (16) . (ii) Turgor pressure will fall when the amount of the replacement cation fails to keep up with the need to maintain internal osmolarity. Since it is shown below that KdpD does not sense turgor, no further treatment of this subject is needed here.
MATERIALS AND METHODS
Media and growth conditions. The standard medium used in this work, described earlier, is 70 mM PO 4 buffer (pH 7.1), which contains MgSO 4 , FeSO 4 , thiamine HCl, and Na ϩ , K ϩ , and/or Tris as the monovalent cation (5). Media in which maleate or MOPS (morpholinepropanesulfonic acid) was the buffer anion contained the other additions and 1 mM Tris-phosphate and were adjusted to a pH between 7.00 and 7.12. The media used are referred to as Tris-Gln, Tris-NH 4 , Na-Gln, and Na-NH 4 , containing the respective cation replacing K ϩ as it is reduced and either glutamine or NH 4 ϩ as the nitrogen source. A pH 6 medium based on McIlvaine's buffer and used for the data in Table 4 (17) . Bacterial strains and plasmids. The strains and plasmids used in this work are listed in Table 1 .
Measurement of expression of the kdpFABC operon. Expression was measured by the amount of ␤-galactosidase produced from the kdp::lacZ fusion, essentially as described previously (5) . The assay assumes, as is standard in the use of such fusions, that the measured activity of ␤-galactosidase reflects the amount of the enzyme in the cell. Cells were grown overnight at 30°C in high-K ϩ medium containing a 2 mM concentration of the sugar to be used or a 1 mM concentration of the other substrate: succinate, L-lactate, or glycerol. Between 8:30 and 9:45 the following morning, a carbon source up to a concentration of 10 mM for sugars or 5 mM for succinate, L-lactate, and glycerol was added. After the resumption of logarithmic growth at 37°C, the cells were centrifuged, washed with medium containing no added K ϩ , added to tubes containing the desired K ϩ concentrations at a density between 2 ϫ 10 7 and 3 ϫ 10 7 cells/ml with 10 mM sugar or 5 mM succinate, L-lactate, or glycerol, and grown with shaking at 37°C. The growth of cultures at each chosen K ϩ concentration was arrested when the cell density was between 4 ϫ 10 8 and 6 ϫ 10 8 cells/ml by the addition of chloramphenicol to 50 mg/ml, and the cultures were placed on ice until assayed. Cultures in which the concentration of NH 4 ϩ was lower received periodic additions of 1 mM NH 4 ϩ during growth so that the NH 4 ϩ concentration was never Ͼ1.4 mM. Cultures whose growth had been arrested and that had been stored on ice were assayed in duplicate by adding samples of up to 150 l to 2 ml of Z buffer (0.1 M sodium phosphate [pH 7], 10 mM KCl, 1 mM MgSO 4 , 50 mM mercaptoethanol, 0.3 mM sodium desoxycholate) and shaken at 37°C for 45 min after the addition of a drop of toluene. The assays began by adding 0.5 ml of 4 mg/ml o-nitrophenyl-␤-D-galactopyranoside in Z buffer and incubation at 28°C. The assays were terminated when the optical density at 420 nm (OD 420 ) was Ͻ0.45 by adding 0.5 ml of 1.0 M K 2 CO 3 . The OD 420 was read in 1-cm cuvettes in a Genesys 20 spectrophotometer (model 4001/4; Thermo Fisher Scientific) (18) .
Measurement of K ؉ uptake. Samples were collected by suction on 18-mm-diameter, 0.45-m-pore-size membrane filters (type HA; Millipore) placed on a nonclamping filter holder consisting of the female half of a 13-mm-diameter Swinnex (Millipore) filter holder with plastic washers and a metal grid top to place filters at the level of the top of the Swinnex unit. The samples were washed 3 times with a cold solution containing 10 mM Tris-Cl (pH 8), 1 mM MgSO 4 , and 0.4 M glucose for cells growing in standard medium or 0.45 M NaCl (as well as Tris-Cl and MgSO 4 ) for cells growing in the media with elevated osmolarity (see Fig. 3 ). The filters were dried in plastic vials for Ն2 h at 60°C. Next, 3 ml of 0.1 M lithium acetate was added, the filters were gently agitated, and the samples were assayed 
RESULTS
Composition of the growth medium alters expression of the operon: role of Na ؉ and NH 4 ؉ . Data from all experiments in which the expression of the operon was determined as a function of medium K ϩ concentration were plotted, as shown in Fig. 1 . In this and two other figures, the expression of the operon and the medium K ϩ concentrations are plotted on a logarithmic scale to encompass the roughly 1,000-fold range of the two parameters in a single figure. The shapes of the curves are virtually identical for all of the experiments performed in this study. At very low K ϩ concentrations, the expression of the operon is maximal. As K ϩ concentrations rise, there is a slow decline in expression until a range is reached in which there is an extremely rapid fall in expression, followed by an asymptotic approach to the low basal level.
The maximum expression at very low K ϩ concentrations (5,800 Ϯ 800 mol ␤-galactoside g Ϫ1 min Ϫ1 ) and basal expression at very high K ϩ concentrations (5.1 Ϯ 2 mol ␤-galactoside g Ϫ1 min Ϫ1 ) are virtually identical for all of the curves. The only difference is in the midpoint of each curve, the K ϩ concentration at which expression is the logarithmic median between basal and full expression (some 32-fold above basal level), corresponding to an average expression level of 1.85 (␤-galactosidase activity, log micromoles gram Ϫ1 minute Ϫ1 ) in these figures. This K ϩ concentration in mM is referred to as the median K concentration (MKC). To make the determination of the MKC objective, three or four points nearest the midpoints of the curves were used to define a least-squares line. These lines were very good fits; their average correlation coefficient was 0.990 Ϯ 0.012 (mean Ϯ standard deviation [SD] ). This coefficient was Ն0.990 in 23 of the 26 determinations. The MKCs are shown in Table 2 . The standard deviations shown in Table 2 were calculated by taking the average of the standard deviations of the 3 data points nearest the MKC in the least-squares lines used to determine the MKCs.
When Tris replaced Na ϩ in phosphate-buffered medium, the MKC shifted to 3.7 mM, which is markedly lower than the value of 7.8 mM in Na ϩ -containing medium ( Fig. 1 and Table 2 ). This shift suggests that KdpD is sensing Na ϩ to turn on expression of the operon. The KdpD protein has extremely limited exposure to the periplasm, suggesting it probably senses Na ϩ in the cell (19) . This conjecture was tested by using E. coli strain TK2564 in which the two Na ϩ antiporters have been deleted (Table 1) . In this strain, internal Na ϩ for a given external Na ϩ concentration is higher than in the wild type (20) . To avoid questions as to the effect of NH 4 ϩ , glutamine was used as the nitrogen source in these experiments. The MKC of E. coli strain TK2564 tested in medium with Na ϩ is 2.8 mM, which is modestly higher than the MKC of 2.4 mM in E. coli strain TK2470 in this same medium, consistent with, although not proof of, sensing of internal Na ϩ ( Fig. 1 and Table 2 ). Stronger evidence that KdpD senses signals inside the cell is provided below.
The lower MKC when glutamine replaced NH 4 ϩ as the nitrogen source shows that NH 4 ϩ increases the MKC (Table 2 ). This might occur in at least two ways: NH 4 ϩ might inhibit K ϩ uptake and/or be sensed by KdpD. NH 4 ϩ inhibits K ϩ uptake by the Trk system (the only saturable system active in TK2470 and similar strains) (Fig. 2) . However, the inhibition might be different in growing cells, since the kinetics of the Trk system depend on the state of the cells when uptake is measured (21) . A direct test of whether KdpD senses NH 4 ϩ was performed with E. coli strain TK2469, which lacks all saturable K ϩ uptake systems (22) . K ϩ uptake in this strain represents transport through a variety of paths, none of which apparently evolved to transport K ϩ . K ϩ up-
Dependence of the expression of the kdpFABC operon on median K ϩ concentration during growth in different media. This experiment and similar ones were performed as described in Materials and Methods. The logarithm of expression in activity of ␤-galactosidase from a transcriptional fusion of the lacZ gene to the kdpFABC promoter and the logarithm of medium K ϩ concentration are plotted. The media are defined by the major "indifferent" cation, either Na ϩ or Tris, and by the nitrogen source, either NH 4 ϩ or glutamine (Gln). All plots are for strain TK2470, except for the partial plot showing selected data for strain TK2564, which lacks the activity of both the NhaA and the NhaB antiporters. The error bars represent the standard deviations from the results of 3 or more independent measurements. take in this strain is linearly dependent on external K ϩ concentration, so competitive inhibition cannot occur in this strain. Therefore, if the effect is greater with high versus low concentrations of NH 4 ϩ in this strain, it cannot be due to the inhibition of K ϩ uptake.
There is a strong effect of NH 4 ϩ concentration in strain TK2469, with the MKC being 57 Ϯ 2 at 16 mM NH 4 ϩ but only 43 Ϯ 1.6 when the NH 4 ϩ concentration is kept at Ͻ1.4 mM (see Table 2 ). At least two types of signals might be responsible for expression of the operon under these conditions: a reduction in turgor and sensing of protons or of Tris inside the cell. To test the role of turgor, the effect of a sudden increase in medium osmolarity was analyzed in Tris-Gln medium (Fig. 3) . The control, in Na-NH 4 medium, replicates the experiment shown in Fig. 3 and 4 of the report by Laimins et al. (5) . The very low rate of K ϩ uptake in strain TK2469 (very similar in relevant genotype to E. coli strain TL1105 used in the earlier work) results in a delay of 20 to 25 min before the cells adapt to the higher medium osmolarity. In both the Na-NH 4 and Tris-Gln media, the increase in osmolarity resulted in a rise in cytoplasmic K ϩ to 1.62 or 1.66 times that in the control, an increase consistent with the dependence of cell K ϩ on medium osmolarity (6) . The slow uptake of K ϩ in this strain resulted in an intermediate level of 1.3 to 1.35 times that of the control at 10 to 12 min after the increase in osmolarity, indicating that turgor would have been low until the new steady-state level of K ϩ was achieved. By avoiding the use of both Na ϩ and NH 4 ϩ , the possibility that uptake of either of these ions accounts for the transient increase in operon expression is excluded. The values for Tris-Gln medium without an osmotic stimulus are indistinguishable from those for the os- 
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FIG 2 Inhibition by NH 4
ϩ of K ϩ uptake by the Trk K ϩ transport system. Cells of strain TK2470 were grown in standard phosphate-buffered medium containing 5 mM K ϩ and 10 mM glucose at 30°C and depleted of K ϩ by treatment with 10 mM Tris-dinitrophenol in K ϩ -free 70 mM sodium phosphate buffer (pH 7), for 40 min at 30°C, as described previously (13). Cells were centrifuged and then washed with K ϩ -free 70 mM sodium phosphate buffer (pH 7) before suspension in the same buffer containing 10 mM glucose at 5 ϫ 10 8 cells/ml. K ϩ uptake at 0.52, 1.5, and 5 mM was initiated in each case by the addition of K ϩ . , control with 24 mM Tris-HCl (pH 7); OE, with 8 mM (NH 4 ) 2 SO 4 . motic stimulus, showing that an osmotic stimulus has no effect in Tris-Gln medium. The control with Na-NH 4 medium showed that expression was turned on (6) . Note that basal expression in strain TK2469 in Tris-Gln medium is unusually low, only about half of that shown by strain TK2470 in this medium (Fig. 1) . The data in Fig. 3 show that KdpD does not sense turgor. The first signal proposed to regulate expression of the operon is thus shown to be wrong, in agreement with others who concluded that turgor was not the signal. However, the rationale for the earlier conclusion was, in retrospect, only partially justified, because it was not known that KdpD senses Na ϩ and NH 4 ϩ (5, 7, 23). The ability of an osmotic stimulus with a sugar to turn on expression of the operon must thus be seen as mediated by the uptake of Na ϩ and/or NH 4 ϩ into the cell by the increased need for K ϩ uptake provoked by the increase in medium osmolarity.
Role of the buffer anion. The bulk of the studies on the operon have been done with phosphate-buffered medium, in which the MKC in Na-NH 4 medium was 7.8 mM ( Table 2 ). With maleate as the buffer anion, the MKC was somewhat higher, at 8.4 mM. When MOPS was used as buffer, the MKC fell moderately to 6.6 mM ( Table 2 ). It is known that MOPS accumulates in cells that are osmotically stressed (24) . The accumulation of some of this buffer even in cells that are not stressed would spare some of the need to accumulate K ϩ and thus might explain the reduction in MKC. The accumulation of phosphate or maleate in the cell is highly unlikely, given the negative internal potential of these bacteria (25) . Since phosphate participates in so many reactions in the cell, its internal concentration cannot vary widely.
Role of the growth substrate in expression of the operon. The MKC is sensitive to the growth substrate used (Fig. 4) . The correlation seems to be with the growth rate on a given substrate; for most of the substrates, there is a linear relationship of the MKC with the growth rate in the routinely used 70 mM PO 4 medium described above (Fig. 5 ). This correlation is expected, since a reduced growth rate means that a lower net rate of K ϩ uptake is required, and this would lower the MKC if other factors are the same. There is a drastic discrepancy when L-lactate is the substrate in Na- (5) (a large increase in expression of the operon occurred upon increasing the osmolarity of the medium by adding 0.22 M glucose to the medium). During growth on glucose at 28°C, cells were diluted at t ϭ 0 with either one-fifth volume of the same medium or one-fifth volume of 1.1 M glucose in the same medium. The media used were as follows: Tris-Gln medium containing 50 mM K ϩ and diluted with the same medium (o) or diluted with medium also containing 1.1 glucose (OE); Na-NH 4 medium containing 65 mM K ϩ and 3 mM NH 4 ϩ diluted with the same medium (ᮀ) or diluted with the medium also containing 0.22 M glucose (). The K ϩ concentrations in each case and the NH 4 ϩ concentration in Na-NH 4 medium were chosen as the lowest K ϩ and NH 4 ϩ concentrations at which expression was basal. The values for expression are based on the density of the cultures at the time of dilution for the control and for osmotically stimulated cells.
FIG 4
Effect of the growth substrate on the relationship of expression to medium K ϩ concentration. Cells were grown in Na-NH 4 medium. The data are plotted as described for Fig. 1 . The error bars represent the standard deviations from the results of 3 or more experiments. The data for growth on succinate are shown by a dashed line to distinguish them from the very similar data for growth on glycerol. To distinguish the error bars for succinate and glycerol, those for glycerol end in double diamonds. NH 4 medium. Despite the low growth rate on L-lactate, the MKC is even higher in this medium than with glucose, which promotes the highest growth rate.
The expression of the operon is also dependent on the growth substrates when cells are grown in Tris-Gln medium (Table 2) . However, there is no linear correlation between the MKC and growth rate in this medium. The correlation is with metabolism: the MKC is higher during growth on oxidative substrates, L-lactate and succinate, than during growth on glycolytic substrates, glucose and glycerol. The anomalous results with L-lactate in Na-NH 4 medium suggest that the metabolic changes produced by this substrate may be sensed by KdpD. A report indicating that internal Na ϩ is higher during growth on L-lactate might explain at least in part the unusually high MKC with this substrate (6) .
Role of the UspC protein on expression of the operon. The UspC protein has been reported to bind to KdpD in vitro and to be involved in regulation of the operon (11) . Since these data were based on Na-NH 4 medium, this medium was used to examine these data. The loss of the UspC protein has a number of effects, including a loss of flagella and cell adhesiveness (26) . Two effects that do not seem to have been noted are a lower growth rate and a shift in the curve-related expression of the operon to medium K ϩ concentration (Fig. 4 and 6 ). The MKC of the uspC mutant is almost identical to that for cells growing on arabinose; the data for this sugar are included in Fig. 4 . The growth rate on arabinose is close to that of the uspC mutant, so the easiest explanation for the effect of the uspC mutation on the MKC is to attribute it to the shift in growth rate.
The only change in the uspC mutant reported previously was a small decrease in expression resulting from an osmotic stimulus with NaCl (11) . An even greater reduction in the response to such an osmotic stimulus occurs during growth on some other carbon sources (Table 3) . Hence, the effect seems to be a rather general one, apparently associated with a reduced growth rate and the differences in metabolism specific to a given energy and carbon source. It seems neither necessary nor helpful to attribute the effect to scaffolding of KdpD by UspC. Further illuminating is the fact that the mutant strain has essentially the same MKC (0.83 mM versus 0.85 mM for the wild type) ( Table 2) in Tris-Gln medium, where its growth rate is 95% of that of the parental strain, only a slightly greater reduction than is true for the MKC of the mutant strain.
Role of PtsN protein in expression of the operon. The PtsN protein remains a mystery, since its role in the cell is not well understood (27) . It was found to bind to KdpD in vitro and produce large increases in basal and induced levels of expression of the operon when encoded by a gene on a multicopy plasmid. However, the loss of the protein results in different results by different investigators. The first report, by Lee et al. (28) , reported two clear results: their ⌬ptsN mutant exhibited an increase in Trk Table 2 . Both parameters are plotted linearly.
FIG 6 Expression of the operon in strains TK2563 (⌬uspC) and TK2562
(⌬ptsN) with deletion mutations of the indicated genes growing in Tris-Gln medium with glucose as the carbon source, plotted as described for Fig. 1 . The error bars represent the standard deviations from the results from 3 or more experiments. The data for control strain TK2470 are the same as in Fig. 1. transport activity of 80% at a K ϩ concentration of 20 mM, which represents a measurement of the maximum rate of metabolism (V max ) of the system. In my mutant, E. coli strain TK2562, I noted a reduction in the V max of Trk of about 33% (Table 4) . Further, Lee et al. reported severe growth inhibition at higher K ϩ concentrations, with Ͼ90% inhibition at 120 mM K ϩ . I observed no such inhibition; growth at 115 mM K ϩ was 2 or 4% higher than at a K ϩ concentration of 2.5 or 1.5 mM, respectively. A different report from Lüttmann et al. (12) did not mention growth inhibition by high K ϩ , a strong suggestion that no inhibition was observed. That report also found a moderate reduction in the expression of the operon, which would imply a lower MKC. In the strains used here, there was a small increase in the MKC regardless of which medium was used ( Table 2 ). The preferred conclusion must be that the effect of loss of the PtsN protein depends on the strain chosen. Other loci in the strains used must have effects on both the Trk system and on the regulation of the operon.
Roles of the TrxA and TrxB enzymes on expression of the operon. The loss of two enzymes, TrxA and TrxB, involved in maintaining disulfides in the cytoplasm has been reported to moderately reduce expression of the operon without significantly reducing the growth rate (10) . Derivatives of strain TK2470 carrying trxA or trxB deletion mutations had reduced growth rates in the standard Na ϩ -NH 4 ϩ medium. Both derivatives had somewhat erratic behavior in defined medium, with variable lags after shifting medium and much greater variance in both growth rates and estimates of the MKC. The trxA derivative had the largest reduction in growth rate, only 58% Ϯ 8% of the rate of control strain TK2470, and was therefore chosen for testing. The variance in the measurement of the growth rate of this mutant is double that of other strains. The MKC of the trxA derivative in the standard medium, a value less reliable than most such measurements, was 5.8 mM, considerably below the value of 7.8 mM for the control (Table 2) . By including this value for the MKC for the trxA derivative in Fig. 5 , it becomes clear that the reduced growth rates of these mutants can explain their effects on the dependence of expression of the operon on medium K ϩ concentration. These mutants may have other effects on expression of the operon besides those that could be attributed to their reduced growth rate.
Mutant forms of KdpD. A mutant that deleted residues 401 to 498 of KdpD created a protein that lacked the four membrane spans located near its middle, leaving a protein with conjoined Nand C-terminal cytoplasmic domains (29) . This protein binds to the membrane, but this binding is apparently due to interaction with other proteins in the membrane and not due to membrane insertion, because it becomes soluble when treated with 2 M urea. The mutation was reported to retain sensing of K ϩ limitation. This mutation, isolated in a multicopy plasmid, is referred to here as kdp⌬D-4. The effect of K ϩ limitation on E. coli strain HAWP carrying the pkdp⌬D-4 plasmid was Ͻ2-fold (Table 5 ). This small effect led to testing its behavior in other media. The most illuminating result was obtained in the pH 6 citrate-phosphate medium described in Materials and Methods. In this medium, K ϩ limitation not only did not increase expression, it tended to reduce it, although the reduction is not statistically significantly different. However, the wild-type KdpD construct behaved as expected in both media, with low expression at high K ϩ concentrations and very large increases at low K ϩ concentrations (Table 5 ). These findings suggests that removal of the membrane spans alters the conformation of KdpD, such that it can no longer sense the signals to which wild-type KdpD responds. Although at least part of the presumed site of Na ϩ action in a region of the C-terminal cytoplasmic domain is present (see below), the deletion does not sense Na ϩ , since it is present at high concentrations in both media used as indicated in Table 5 , when most of the K ϩ is replaced by Na ϩ . It is concluded that the membrane spans are essential for the correct conformation of KdpD to allow it to respond to its physiological signals, although this requirement may be determined only indirectly by its membrane location.
DISCUSSION
The data presented above represent a major change in considering how the effects of K ϩ limitation result in expression of the operon. a Cells in the mid-logarithmic phase of growth were assayed as described in Materials and Methods. The results of two independent measurements were averaged to determine the activity relative to that of TK2470 grown on glucose. Somewhat surprising is the finding that turgor does not seem to be sensed at all. Instead, cells sense the monovalent cations taken up when they lack sufficient K ϩ . It has been suggested that the periplasmic domains of KdpD are involved in sensing (30) . This suggestion is not consistent with the data shown in Fig. 3 , in which an increase in expression of the operon occurs only after the addition of the osmotic stimulus. This stimulus has no effect on the ionic composition to which the periplasm is exposed. If there is any sensing by the periplasm, it is too weak to be observed in these experiments.
A recent report shows how the EnvZ sensor kinase senses osmotic signals to turn on expression of the two outer membrane porins it regulates (31) . A relatively small region in the vicinity of the histidine residue that becomes phosphorylated alters its conformation to stabilize one helix in a four-helix bundle to stimulate autophosphorylation and thereby expression of the porins that are under EnvZ control. A similar sort of mechanism might be the way KdpD senses cations in the cytoplasm.
In the absence of both Na ϩ and NH 4 ϩ , the MKC drops to a level of Ͻ1 mM (Table 2 ). There are only two candidates for sensing, Tris and protons. Protons seem to be excluded by the fact that in the data for Tris-Gln medium shown in Fig. 3 , there is no increase upon an increase in osmolarity. Under these conditions, cells would be expected to take up protons. This suggests that KdpD does not sense internal pH or responds only weakly to such a signal or that internal buffering capacity results in only a small change in cytoplasmic pH. This leaves Tris as the probable culprit, but it seems to be sensed only when K ϩ limitation is rather severe. The results when the growth substrate was L-lactate are rather deviant from the results for all other substrates used in Na-NH 4 medium (Fig. 5) . Somewhat surprisingly, the MKC for L-lactate in Tris-Gln medium is almost the same as that for the other oxidative substrate tested, succinate. As noted above, changes associated with the catabolism of different substrates will alter the cytoplasmic content of many metabolic intermediates, and these seem to alter the way KdpD responds to monovalent cations in the cytoplasm. Another possible factor is indicated by a report that this substrate results in a higher internal concentration of Na ϩ (6). Elegant experiments on the effects of ions on the enzymatic activities of KdpD in right-side-out vesicles showed that K ϩ was inhibitory whereas Na ϩ was stimulatory of KdpD kinase activity (32) . If kinase activity were the primary activity regulated in sensing, this would fit well with the data presented here on the in vivo effects of ions on expression of the operon. Extending such measurements to a wider range of ions would help clarify exactly which ions are sensed by KdpD. It is not known which activities of KdpD are altered by sensing. One report based on changes in point mutants that resulted in constitutive expression suggested that the inhibition of KdpE-P phosphatase was the major change (33) . This result could be misleading if the only way a single mutation could make expression constitutive were by inhibiting phosphatase activity.
The membrane location of KdpD remains puzzling. It is a logical location to sense turgor, but since turgor is not sensed, KdpD might well be a soluble cytoplasmic protein. On the other hand, it is possible that the protein is preferentially located in the cell, perhaps at the poles, as is the case for a number of bacterial proteins (34) . Another possibility is that earlier in evolution, it had a need to be associated with the membrane and that this feature was subsequently retained even though it does not seem to be needed anymore. KdpD in E. coli is associated with other proteins, and some yet to be identified might require that KdpD be membrane bound. Membrane proteins have been found to be associated with KdpD in a mycobacterial species (35) .
The effects of deleting the membrane spans of KdpD are provocative. The resulting protein retains signaling, since it results in a partially constitutive expression of the operon (29) , but its ability to sense K ϩ limitation is lost (Table 5 ). This suggests that the membrane spans are essential for its function, but this dependence may have nothing to do with a membrane location per se. Equally likely is the role of membrane anchoring in limiting or directing the interaction of the cytoplasmic domains with their twins in the dimeric structure of virtually all sensor kinases (36) or with the other cytoplasmic domain of the same protein.
A recent review of KdpD/KdpE proteins in bacteria pointed out their multiple roles in protecting bacteria from noxious conditions (37) . In our case, the noxious agents are simply two ordinary cations that may be growth inhibitory if present at too high a concentration in the cell but that are hardly toxic in moderate concentrations. The action of KdpD to turn on Kdp transport activity makes sense if accumulating more K ϩ in the cell allows it to get rid of Na ϩ . However, since NH 4 ϩ readily crosses the cell membrane in its unprotonated NH 3 form, taking up K ϩ would not help get rid of NH 4 ϩ . Here, the only effect would be to maintain high internal K ϩ to compete with NH 4 ϩ for binding to various sites in the cell.
The results presented above indicate that proteins known to bind to KdpD in E. coli do not seem to alter regulation directly when present in single-copy form. The effects of the UspC protein are interesting, but the loss of this protein results in a lower growth rate in standard medium, and the reduced growth rate can explain the shift in MKC. The altered response to an osmotic stimulus in the uspC mutant is even more pronounced in the wild type growing on different carbon sources, indicating that the metabolic effects of the loss of UspC might well be responsible without invoking a direct effect on sensing. The role of the PtsN protein is more complicated. The effect of removing the protein is dependent on the strain used, indicating that other gene products that are different in different strains are also important in determining the results. The only general agreement is that the overproduction of PtsN results in large increases in basal and induced expression of the operon. The effects of the trxA and trxB mutations, altering sulfhydryl metabolism, reduce the growth rate to a sufficient extent as to be able to suggest that their effect on expression of the operon can be explained by the lower growth rates (Fig. 5) .
There is an interesting difference in the speed with which expression begins after the onset of K ϩ limitation between E. coli and Salmonella enterica serovar Typhimurium (23, 38) . In E. coli, expression begins within about 2 min, while in S. Typhimurium, 8 to 9 min is required. The rate at which substitute cations enter may be lower in S. Typhimurium than in E. coli. A more speculative possibility involves a competition between KdpE and KdpE-P in binding to the promoter of the kdpFABC operon. It has been shown that both proteins bind to the promoter, but KdpE-P binds with much higher affinity (39, 40) . At the start of sensing, most KdpE will be in the unphosphorylated form and will compete with the small amount of KdpE-P for binding. Subtle differences in the levels of KdpE and the affinities of the two species for the promoter might account for the different kinetics in the onset of expression.
